The breast and ovarian cancer suppressor BRCA2 controls the enzyme RAD51 during homologous DNA recombination (HDR) to preserve genome stability. BRCA2 binds to RAD51 through 8 conserved BRC repeat motifs dispersed in an 1127-residue region (BRCA2 targets RAD51 to ssDNA while inhibiting dsDNA binding and that these contrasting activities together bolster one another to stimulate HDR. Our work provides fresh insight into the mechanism of HDR in humans, and its regulation by the BRCA2 tumor suppressor.
H
omologous DNA recombination (HDR) is essential in somatic cells not only for the error-free repair of DNA double-strand breaks (DSBs), but also for the restoration of DNA replication forks that stall at lesions in the template strand (1) . The central event in HDR is the synapsis of a single-stranded (ss)DNA molecule with homologous duplex DNA, which initiates the strand exchange that leads to recombination. Recombinase molecules, conserved from RecA in prokarya to RAD51 in eukaryal cells, mediate strand exchange via distinct reactions grouped into the presynaptic, synaptic, and postsynaptic phases (2) .
The breast cancer suppressor protein, BRCA2, an ϳ384-kDa molecule of 3418 residues, is essential in vivo for RAD51-mediated HDR (3) . Several regions of BRCA2 may contribute to this role (4) . Human BRCA2 interacts with RAD51 through 8 copies of the BRC repeat motifs of Ϸ40 residues each, embedded in a 1127-residue fragment (BRCA2 ) within exon 11 (5) , as well as through an unrelated carboxyl-terminal motif in exon 27 (6) . The BRC repeats appear to be the primary locus for the BRCA2-RAD51 interaction; unlike the C-terminal motif, their sequence is evolutionarily conserved in simple eukaryotes like fungi, as well as in plants (7) . In addition, exon 17 of human BRCA2 encodes an Ϸ800 residue DNA-binding domain (BRCA2 DBD ) containing 3 oligonucleotide-binding (OB) folds, ssDNA-binding modules also found in the abundant ssDNA-binding protein, replication protein A (RPA) (8) . In a fungal BRCA2 homolog, the OB-foldcontaining, ssDNA-binding domain displaces RPA from DNA substrates in vitro to enable nucleation of the RAD51 filament by the single BRC repeat found in this organism (9) . Moreover, fragments containing 2 to 4 of the 8 human BRC repeats fused to the ssDNA-binding BRCA2 [DBD] domain can partially complement HDR in BRCA2-deficient cells in vivo (10) and promote RAD51-dependent strand exchange in vitro (11) . Together, these observations suggest that the BRCA2 [DBD] cooperates with the BRC repeats to target RAD51 to DNA substrates, acting as a recombination mediator.
The precise role in HDR played by the multi-BRC repeat region of human BRCA2 is not yet clear. Indeed, the BRC repeats are reported to have activities that could potentially inhibit (12) (13) (14) as well as stimulate (11, 15, 16) RAD51 function, under different experimental conditions. We have previously purified the exon 11 encoded 1,127-residue domain (BRCA2 ) from human BRCA2 containing all 8 BRC repeats within their natural context, and shown that BRCA2 suffices to promote RAD51-mediated strand exchange, independent of the ssDNA-binding domain BRCA2 [DBD] (16) . Here, we report results that suggest a mechanism underlying the role of BRCA2 in stimulating HDR. We find that BRCA2 promotes RAD51 loading on ssDNA, while suppressing RAD51 assembly on dsDNA, and propose that both these opposing effects cooperate to enhance the efficiency of RAD51-mediated HDR. Our findings provide additional evidence in support of a recently proposed model (17) reported while this paper was under review.
Results and Discussion
Electrophoretic Mobility of Complexes Between BRCA2[BRC1-8], RAD51, and ssDNA. We have previously shown, using a well-established in vitro assay for HDR, that BRCA2 promotes strand exchange between circular X174 ssDNA and a homologous linear duplex DNA (16) . To identify potential mechanisms underlying this stimulatory activity, we first examined the effect of BRCA2 on RAD51 binding to ssDNA. We generated a 2.5-kb resected double-stranded (ds)DNA substrate from X174 RF1 DNA by exonuclease digestion according to the schematic shown in Fig.  S1 A. When radiolabeled at its 5Ј end, the great majority of the resected dsDNA preparation (Fig. S1B, lane 1) binds in an electrophoretic mobility shift assay (EMSA) to the ssDNA binding protein, RPA in a concentration-dependent manner (Fig. S1B,  lanes 2-4) , in contrast to radiolabeled dsDNA (Fig. S1C) .
We examined the effect of BRCA2 on RAD51 binding to the resected dsDNA substrate. The reaction conditions used here were identical to those we have previously used for strand exchange stimulated by BRCA2 (16) , except that linear dsDNA was omitted. Reactions included ATP and resected dsDNA preincubated with a low, subsaturating concentration of RPA, within a range previously reported to promote strand exchange (18, 19) . RAD51 (3.3 M) was incubated in a reaction mix either in the absence or presence of a range of indicated BRCA2 concentrations. The RPA-bound, radiolabeled, resected dsDNA substrate (10 M) was subsequently added to these preformed complexes. After incubation at 37°C for 60 min, reaction products were resolved by agarose gel electrophoresis (Fig. 1) .
RAD51 binds to the resected dsDNA substrate, retarding its electrophoretic mobility (Fig. 1B, compare lanes 1 and 2) . Increasing concentrations of BRCA2 affect this pattern (lanes 3-6), indicative of complex formation between BRCA2 , RAD51, and a resected dsDNA substrate that is predominantly single-stranded, with a short ds/ssDNA junction (Fig. S1 A) . Similar changes are observed when the nonhydrolyzable analog, AMP-PNP, is substituted for ATP (Fig. S2) . Complex formation is evident with 0.4 M BRCA2 and plateaus between 1 to 2 M. However, BRCA2 alone at similar or higher concentrations does not detectably alter the mobility of the resected dsDNA substrate (Fig. S1D) , suggesting that RAD51 mediates BRCA2 binding to DNA in the complex.
BRCA2[BRC1-8]
Increases ssDNA-Bound Protein Assemblies. We examined by electron microscopy (EM) the complexes formed by ssDNA with RAD51 in the presence or absence of BRCA2 (Fig. 2) under conditions similar to those used in Fig. 1 . As before, 5 M RAD51 and 15 M ssDNA (X174 circle) were mixed at the 1:3 ratio deemed optimal for assembly, and ATP was included. The absence of any ssDNA/dsDNA junction in the DNA substrate used for EM suggests such a region is not essential for the effects we observe. In the absence of BRCA2 , RAD51 is visualized predominantly in the form of oligomeric rings (arrows) apparently devoid of DNA, although DNA-bound assemblies are observed occasionally (Fig. 2 A) . The addition of 2 M BRCA2 markedly alters this pattern (Fig. 2B ). There is an 11-fold reduction in the number of oligomeric RAD51 rings free of DNA, accompanied by an increase in ssDNA-bound protein assemblies, which become aggregated into large masses. Striations characteristic of ordered RAD51 filaments are not easily observed, due in part to the extensive aggregation of the assemblies, and/or the binding of the BRCA2 fragment to them, consistent with previous reports (20) . Collectively, our EM findings suggest that BRCA2 promotes the recruitment of RAD51 from DNA-free oligomeric rings to ssDNA-bound protein assemblies; this effect is accompanied by the changes in the electrophoretic mobility of the DNA-bound complexes shown in Fig. 1 . -8] . The solution was then extensively diluted and analyzed by a singlemolecule fluorescence spectroscopy technique, two-color coincidence detection (TCCD) (21) (Fig. 3A) . In TCCD, fluorescent molecules diffusing in solution are excited as they pass through the overlapping subfemtoliter focal volumes generated by focusing a red and a blue laser through an objective of high numerical aperture. Complexes of RAD51 with ssDNA give rise to coincident bursts of blue fluorescence from Alexa488-ssDNA and far-red fluorescence from RAD51-Atto647N, allowing any complexes present in solution to be identified and analyzed.
We found that the frequency of coincident bursts from RAD51-ssDNA complexes decreased significantly after the first 6 min postdilution and became negligible after 30 min. This dissociation time agrees well with previous reports (22) , and to optimize sampling of coincident bursts, the experiment was repeated 8 times, and data collection was carried out over the first 6 min after dilution only. The frequency of these coincident bursts was measured and compared with the overall frequency of bursts originating from Alexa488-ssDNA to determine the fraction of DNA bound to RAD51-Atto647N (Fig. 3B) .
In the presence of BRCA2 , the fraction of ssDNA bound to RAD51 was observed to be 15 Ϯ 5%, significantly higher than in its absence (3 Ϯ 2%). For coincident bursts from the RAD51-ssDNA complex, the ratio of the fluorescence intensity of RAD51-Atto647N and Alexa488-ssDNA in the presence of BRCA2 was found to be 1.7 Ϯ 0.4. This was higher than in the absence of BRCA2 , where the ratio was 1.1 Ϯ 0.1 (Fig. 3C) . This indicates that the number of RAD51 molecules bound to ssDNA is on average higher in the presence of BRCA2 , but absolute stoichiometries cannot be inferred due to nonuniform fluorescent labeling of RAD51.
Taken together, these obser vations indicate that BRCA2 promotes the binding of RAD51 to ssDNA substrates (Fig. 3) , leading to the formation of protein-DNA complexes (Fig. 1 ) in which RAD51 is recruited from DNA-free oligomeric rings into DNA-bound protein assemblies (Fig. 2) . This prompted us to investigate the influence of BRCA2 on the interaction between RAD51 and dsDNA (Fig. 4) .
Inhibitory Effects of BRCA2[BRC1-8] on RAD51
Binding to dsDNA. We used a radiolabeled linear dsDNA molecule that contains 2 internal AflIII restriction sites (Fig. 4A) to elucidate the temporal pattern of RAD51 loading over time, combining analysis of ternary complex formation by EMSA with restriction enzyme protection (23) . The effect of a range of RAD51 concentrations on mobility shift was first compared with sensitivity to enzymatic cleavage (Fig. 4B ). Radiolabeled dsDNA (7 M) was incubated either in the absence (Fig. 4B, lane 1) or presence of various concentrations of RAD51 (Fig. 4B, lanes 2-7) for 60 min, before AflIII restriction digestion (Fig. 4B Upper) or EMSA (Fig. 4B  Lower) . As expected, the extent of RAD51-dsDNA interaction revealed by EMSA is inversely correlated with the sensitivity of the dsDNA substrate to enzymatic cleavage (Fig. 4B, lanes 2-7) . RAD51 concentrations between 0.5-4 M, which induce increasing EMSA shifts, also progressively render the dsDNA immune to AflIII cleavage (Fig. 4B, lanes 2-5) . These phenomena plateau at RAD51 concentrations between 2-4 M, consistent with the reported optimum molar ratio for RAD51 binding (16) . Addition of BRCA2 suppresses and slows RAD51 loading onto radiolabeled dsDNA in a dose-dependent manner over time, as monitored by protection from enzyme digestion (Fig. 4C) . Whereas 3.3 M RAD51 binds rapidly to dsDNA in the absence of BRCA2 , conferring nearcomplete protection from digestion (0 min, lane 1), the addition of 1-1.9 M BRCA2 detectably inhibits this process (compare lanes 5-16). When 1.9 M BRCA2 is present (lanes 13-16), RAD51 binding to dsDNA is significantly suppressed and delayed, approaching completion by only Ϸ60 min. These findings are in marked contrast to the effect of BRCA2 on the binding of RAD51 to ssDNA substrates.
We used single-molecule fluorescence spectroscopy to further investigate the suppression of R AD51-dsDNA binding by BRCA2 . A fluorescently labeled dsDNA oligomer (Alexa488-dsDNA; 10 M) was incubated with 3.3 M RAD51-Atto647N and ATP in the presence or absence of 1.2 M BRCA2 ; aliquots were analyzed by TCCD. After 7.5 min incubation, the fraction of dsDNA bound to RAD51-Atto647N in the presence of BRCA2 (Fig. 4D ) was observed to be 1.7 Ϯ 1.4%, significantly lower than in its absence (14 Ϯ 2%). Furthermore, for the coincident bursts observed from dsDNA-RAD51 complexes, the ratio of the fluorescence intensity of RAD51-Atto647N and Alexa488-dsDNA (Fig. 4E ) was found to be lower in the presence of BRCA2 (0.9 Ϯ 0.1) than in its absence (1.3 Ϯ 0.1). This suggests that the number of RAD51 molecules bound to dsDNA is on average lower in the presence of BRCA2 . After 15 min incubation, both the fraction of dsDNA bound and ratio of fluorescence intensities have increased in the presence and absence of BRCA2 , confirming that the effect of BRCA2 is to suppress and delay the binding of Rad51 to dsDNA (Fig. 4 D and E) . 
BRCA2[BRC1-8] Regulates Recombination Between Resected ssDNA and
dsDNA. We reasoned that these opposing effects of BRCA2 on RAD51 loading might preferentially slow down dsDNA capture by RAD51 in reactions where ssDNA and homologous, linear dsDNA substrates are both present. To test this hypothesis, we used the EMSA and enzyme-protection assays to monitor the impact of BRCA2 on linear dsDNA binding during a reconstituted strand exchange reaction containing RAD51, RPA, and resected dsDNA, followed by homologous, radiolabeled linear dsDNA over 60 min (Fig. 5) . Reaction conditions mirrored those we have previously found to be optimal for the stimulation of RAD51-mediated strand exchange by BRCA2 (16) . In these conditions, a narrow, ϳ1-2 M, concentration range of BRCA2 stimulates strand exchange by 3.3 M RAD51; titrations were therefore performed in this range. Only the radiolabeled dsDNA substrate is visible in EMSA, and it is vulnerable to digestion with AflIII unless coated by RAD51, enabling visualization of the temporal progression and extent of RAD51 binding to dsDNA.
In the absence of BRCA2 , RAD51 alone rapidly loads onto dsDNA even when ssDNA is present, engendering significant protection to AflIII digestion within 7.5-15 min (Fig. 5A, lanes 1-4) . Nevertheless, this is slower and less complete than when linear dsDNA alone is present (compare with Fig. 4C, lanes 1-4) , suggesting that ssDNA competes with dsDNA for a fraction of the bound RAD51. However, the presence of BRCA2 markedly retards the progression of RAD51 loading on dsDNA in a dose-dependent manner over time (Fig. 5A, lanes 5-16) . When 1-1.9 M BRCA2 are added to the reaction, little loading of RAD51 onto dsDNA is evident even after 60 min, with incomplete protection from digestion even at this time point (compare lanes 4, 8, 12, and 16). These findings suggest that BRCA2 significantly suppresses the otherwise avid loading of RAD51 onto dsDNA substrates during strand exchange reactions even when ssDNA is present; this is likely to reflect the net outcome of its opposing activities in promoting ssDNA binding by RAD51, while retarding dsDNA loading. These opposing activities could conceivably bolster one another to promote stepwise progression through HDR, suppressing the premature capture of RAD51 by dsDNA and targeting it to ssDNA instead.
To investigate this notion further, we examined the temporal relationship between the appearance of joint molecules signifying recombination products (Fig. 5 B and C) and the observed extent and timing of dsDNA protection from enzyme digestion (Fig. 5A) . Strand exchange reactions were assembled as in Fig. 5A , except that radiolabeled ssDNA was used to enable detection of joint molecules. Also, reactions were performed in the absence or presence of Reactions were assembled and analyzed as above, except that ATP was used instead of AMP-PNP and BRCA2 was added at the indicated concentrations (lanes 5-16). Whereas 3.3 M RAD51 assembles rapidly and completely on dsDNA, conferring protection from restriction digestion, the addition of 1-1.9 M BRCA2 retards assembly in a concentration-dependent manner. Single-molecule fluorescence data, in which 3.3 M RAD51-Atto647N alone or in the presence of either 1.2 M BRCA2[BRC1-8] or 2 mM Ca 2ϩ ions were incubated with 10 M Alexa488-dsDNA for 7.5 min (dark) and 15 min (light) to measure (D) the fraction of Alexa488-dsDNA fluorescent bursts that show a coincident RAD51-Atto647N burst (corrected for detector efficiency) and (E) the mean ratio of intensities observed in coincident RAD51-Atto647N and Alexa488-dsDNA bursts. -8] , a concentration effective in slowing dsDNA loading by RAD51 (Figs. 4C and 5A ), as well as in stimulating RAD51-mediated strand exchange under these conditions (16) . In the absence of BRCA2 , the generation of recombination products even after 90 min is low (Fig. 5B, lanes  1-5) . It is accompanied by extensive and early RAD51 loading onto dsDNA marked by substantial protection from enzyme digestion some 7.5 min after initiation of the reaction (compare with Fig. 5A,  lanes 1-4) . In contrast, when BRCA2 is present, joint molecule formation is visible some 20 min after initiation (Fig. 5B , lanes 7-10) with increasing product formation over time (Fig. 5C ). The appearance of joint molecule products in the presence of BRCA2 correlates with the delayed onset and extent of dsDNA binding by RAD51 marked by the observed changes in enzyme protection (Fig. 5A, lanes 9-12) . These findings suggest a model in which BRCA2 promotes sequential completion of the presynaptic and synaptic steps of HDR (Fig. 6 ) by differentially regulating RAD51 loading onto ssDNA versus dsDNA, favoring ssDNA binding, before capture of the incoming duplex followed by strand exchange.
M BRCA2 [BRC1
Regulation of RAD51-Mediated Strand Exchange by BRCA2. The formation of a presynaptic filament of RAD51 on ssDNA is a prerequisite for HDR. However, several characteristics of RAD51 binding to ssDNA affect both its kinetics and efficiency. Recent -8] is depicted. It refers to events that occur after the resection of a DSB to generate a 3Ј-tailed ssDNA substrate, but does not show the putative role of the C-terminal ssDNA-binding domain of BRCA2 in displacing RPA, and guiding RAD51 to its substrate near ssDNA/dsDNA junctions (9) . When BRCA2 is absent (lefthand side), ssDNA and dsDNA compete for RAD51 binding. Strand exchange is inefficient because premature, stable RAD51 assembly on dsDNA is futile. BRCA2 favors the preferential assembly of RAD51 onto ssDNA because it promotes RAD51-ssDNA binding while suppressing RAD51-dsDNA binding (right-hand side). These opposing effects reinforce one another to guide stepwise progression from the presynaptic to the synaptic step of strand exchange. studies suggest that when ATP is present, this process is driven predominantly by the nucleation of RAD51 onto ssDNA at multiple sites, because binding is not highly cooperative, and dissociative events are prominent (24, 25) . Thus, RAD51-ssDNA assemblies may consist of multiple, short protein patches that incompletely cover the DNA and from which RAD51 dynamically dissociates. This is in contrast to the bacterial recombinase, RecA, for which less frequent nucleation events on ssDNA can nonetheless engender extensive filament formation through rapid, cooperative growth from the nucleation sites (26) . Moreover, unlike RecA, human RAD51 can bind in vitro with similar affinity to both ssDNA and dsDNA (27) (28) (29) . Therefore, in vitro strand exchange reactions have usually been carried out sequentially, with the addition of dsDNA to preformed complexes between ssDNA and RAD51 (30, 31) . In the nuclear milieu, where both ssDNA and dsDNA substrates are generated together in the vicinity of a DSB, these features of DNA binding by RAD51 could lead to the inefficient coupling of presynaptic filament formation on ssDNA, with subsequent reactions that involve the capture of dsDNA. Our results show that BRCA2 promotes RAD51 binding to ssDNA, while slowing down its loading onto dsDNA, a competing process that would be inhibitory to strand exchange if performed prematurely. We reason that these opposing effects of BRCA2 on RAD51-DNA binding are therefore likely to reinforce one another, working together to favor sequential progression through the steps involved in strand exchange (Fig. 6) . Thus, the findings we report here identify previously unrecognized functions for the multi-BRC repeat region of human BRCA2 in the regulation of RAD51, which provide general insight into the mechanism of HDR in mammalian cells.
Materials and Methods
Protein Expression and Purification. Human BRCA2[BRC1-8], RAD51, and RPA used in this study were prepared as previously described (16) . See SI Methods for details.
EMSA, Strand Exchange, and Restriction Site Protection Assays. These assays were assembled as previously described (16) . Experimental details are described in the text, figure legends, and SI Methods.
Negative Staining EM. RAD51 either in the absence or presence of BRCA2 (2 M) was assembled in a reaction mix containing 1 mM ATP. Preincubation for 5 min at 37°C was followed by addition of X174 circular ssDNA and further incubation at 37°C for 15 min. The samples were diluted 1:10 in Buffer A (see EMSA Assay). Negatively stained EM grids were prepared according to standard procedures (see SI Methods). Quantitation of oligomeric RAD51 rings per unit area in images of RAD51-ssDNA and of BRCA2 [BRC1-8]-RAD51-ssDNA is described in SI Methods. Two-Color Coincidence Detection. TCCD was carried out using Alexa488-labeled ssDNA or dsDNA substrates and Atto647N-labeled RAD51, whose preparation is described in SI. Samples, in Buffer B (40 mM Tris, pH 7.8, 1 mM MgCl 2, 1 mM ATP), consisted of 3.3 M RAD51-Atto647N either in the absence or presence of 1.2 M BRCA2[BRC1-8], 10 M Alexa488-ssDNA, or 10 M Alexa488-dsDNA, were incubated at 37°C. At indicated times, aliquots were removed and immediately flash-frozen to permit multiple samples to be analyzed. A control experiment was carried out to confirm that there was no difference in coincidence or relative burst intensities before and after flashfreezing. Samples were thawed individually and diluted in Buffer B to a final fluorophore concentration of 150 pM onto a cover-glass precoated with BSA for immediate analysis by TCCD (32) . The procedure used for TCCD is further described in SI. Positive controls were carried out similarly, in the absence of BRCA2 but with the addition of 2 mM calcium chloride to Buffer B.
